Phytophagous insects have to deal with toxic defense compounds from their host plants. Although 
Introduction 41 42
Phytophagous insects are continuously exposed to toxic secondary metabolites from their host 43 plants. Over million years of coevolution, different trajectories have resulted in the specialization of a 44 majority of insect species each to a narrow group of plants whereas other species evolved the ability to 45 feed on a larger host range (Schoonhoven et al., 2005) . For specialist insects, specific detoxification or 46 adaptation mechanisms are numerous and generally involve the acquisition/modification of genes to 47 inactivate plant toxins or the evolution of amino-acid substitutions in target site proteins (Després et  48 al., 2007; Heidel- Fischer and Vogel, 2015) . In contrast, for generalist insects that face a variety of 49 plant allelochemicals, metabolic enzymes with broad substrate specificity confer some level of 50 protection against the detrimental effect of these molecules. Carboxyl/cholinesterases (CCEs), 51 cytochrome P450 monooxygenases (CYP450s), glutathione S-transferases (GSTs), UDP-52 glycosyltransferases (UGTs), and ABC transporters (ABCs) constitute the main group of 53 detoxification-related gene families and have been associated with resistance to plant allelochemicals 54 but also to xenobiotics, including insecticides (Heidel-Fischer and Vogel, 2015; Li et al., 2007) . 55
Glucosinolates (GS) are nitrogen-and sulfur-containing thioglucosides of the Brassicaceae 56 family. Upon insect feeding, GSs interact with myrosinases that are stored in different compartments, 57 releasing an aglycone that rearranges non-enzymatically into toxic compounds such as isothiocyanates 58
(ITCs) and nitriles (Halkier and Gershenzon, 2006) . ITCs are electrophiles that are believed to interact 59 with amino group and cleave disulfide bonds in proteins, whereas nitriles appear to be less toxic 60 species (60-70%) were not associated with any GO term (Fig. S1 ). Among functions with highest 264 number of contigs in both up-and downregulated categories were "hydrolases", "metal ion binding", 265
"nucleic acid and DNA binding", "zinc ion binding", "protein binding" and "heme binding". For 266 processes, top terms included "oxidation-reduction", "proteolysis", "RNA-dependent DNA 267 replication", "DNA integration", "protein phosphorylation", and "regulation of transcription" (Fig. S1) . 268 We then compared the relative frequencies of GO terms between the replicated RNA-Seq 269 datasets from larvae exposed to wild type Col-0 (control) and quadGS, using GO information from all 270 contigs with above described criteria for differential gene expression. The differentially expressed 271 contigs were compared to the complete dataset using Fisher's exact test implemented in Blast2GO, 272 with an FDR-adjusted p-value <0.01. After filtering for specificity, we identified several GO terms 273 that were over-represented in the H. virescens larvae exposed to the wild type Col-0 compared to 274 quadGS plants, including "monooxygenase activity", "oxidoreductase activity", 275 "metallocarboxypeptidase activity" and "RNA-directed DNA polymerase activity" (Fig. S2A) . In 276 contrast, the only GO term over-represented in the P. brassicae larval samples exposed to Arabidopsis 277 quadGS plants was "nutrient reservoir activity" (Fig. S2B) . 278
The finding that GS differentially regulated ten times more contigs in H. virescens than in P. 279 brassicae is intriguing. This is similar to expression differences reported between generalist and 280 specialist insects responding to nicotine or to maize defense compounds (Govind et al., 2010; Roy et 281 al., 2016) . Thus, the ability to specifically detoxify major plant toxins may prevent activation of a 282 large transcriptional program. One reason for such reduced response may be that specialist larvae 283 apparently do not suffer to the same extent from eating toxins they are adapted to, compared to 284 generalist larvae exposed to the same toxins. They therefore do not have to cope with detrimental 285 effects on growth and development by altering the expression of hormone-related and nutrition-related 286 genes. The absence of induced detoxification genes in larvae feeding on wild-type plants supports the 287 ability of P. brassicae to cope with GS present in Arabidopsis. Likewise, the induced response in the 288 generalist herbivore may not be fine-tuned. A toxic stress signal may be triggered by a diverse array of 289 chemicals, leading to a broad transcriptomic response with only a subset of the induced enzymes 290 actually acting on any given substrate. In the case of a specialist insect, a rapid and efficient disarming 291 of specific plant toxins would prevent the generation of the stress signal, hence abolish any global 292 response. 293
Although H. virescens larvae responded to feeding on Arabidopsis by expressing detoxification 294 genes, whether this allows them to complete their life-cycle on this host was not tested in our 295 experiment. However, previous data of larval performance, pupation and adult eclosion on 296
Brassicacaeae host plants has shown the ability of H. virescens larvae to indeed complete their life 297 cycle on members of this plant family (data not shown). Interestingly, a study on the spider mite T. 298 urticae showed that a transfer from bean to tomato for 30 generations evolved mite populations that 299 better performed on the new host and exhibited an enhanced expression of detoxification genes 300 compared to non-adapted mites (Wybouw et al., 2015) . In addition, our experimental design did not 301 take into account tissue-specific gene expression and temporal accumulation of transcripts in response 302 to feeding on GS. If H. virescens transcriptomic responses would evolve after successful generations 303 on GS-containing Arabidopis plants is another important aspect. More work will thus be necessary to 304 address these interesting questions. 305
The large number of differentially regulated contigs identified in our study contrasts with the 306 relatively low number of genes activated by GS-exposure in the spider mite T. urticae (Zhurov et al., 307 2014) or Scaptomyza (Whiteman et al., 2012) . In the latter case, enhanced activity of GSTD1 towards 308
ITCs (GS breakdown products) may indicate that this fly has specialized to feed on GS-containing 309 plants, lowering the need to induce generic detoxification genes (Gloss et al., 2014) . In the case of T. 310 urticae, the difference is more difficult to explain since mites were clearly performing better on 311 quadGS plants, indicating that GS are also detrimental to chelicerates (Zhurov et al., 2014) . A likely 312 mechanism could be that they rely on a smaller number of highly efficient detoxification enzymes. 313
More transcriptomes of insects and arthropods from different feeding guilds are clearly needed to 314 obtain a clearer picture of molecular changes induced by plant allelochemicals. 315 Three more storage protein sequences were upregulated in the caterpillars with values ranging from 326 42-to 6.8-fold increase on the quadGS mutant (Table S1) . 327
Hexamerins are synthesized and secreted by the fat body and reach very high concentration in 328 the hemolymph prior to metamorphosis. Before pupation they are taken up by the fat body and are 329 primarily incorporated into new tissues and proteins. In addition, they are also incorporated into 330 cuticle as intact proteins, bind and thus regulate ecdysteroid hormones, support foraging activities in 331 honey bees, but are also involved in insect immune defense and were shown to respond to dietary 332 changes (Martins et upregulation of these proteins in the absence of GS could be interpreted in two different ways. Either 334 the lack of GS might free resources otherwise used for detoxification and excretion processes in 335 caterpillars. As a result, storage protein production might accumulate for further use. Alternatively, the 336 lack of GS in the diet could also result in low sulphur levels, an element present in GS. The 337 upregulation of storage proteins might therefore be a mechanism to compensate for sulphur deficiency. 338
Among the upregulated contigs in P. brassicae larvae feeding on Col-0 wild-type plants are 339 three encoding cuticle-related proteins. This is similar to the situation in Manduca sexta, where larvae 340 grown on different plants compared to artificial diet exhibited an increase in GO terms linked to 341 "structural composition of cuticle" (König et al., 2015) . Modifications of the cuticle protein 342 composition can lead to thicker, more robust and less permeable cuticle to prevent water loss and 343 promote survival (Hegedus et noticed that three sulfatase genes were induced when H. virescens larvae were feeding on Col-0 plants 414 (Fig. 3) . Intriguingly, one contig is homologous to a P. xylostella gene that is responsible for GS 415 detoxification by removing a sulfate group from intact GS (Ratzka et al., 2002) . This finding suggests 416 that generalist insects may use similar mechanisms than specialists, although less efficiently. This 417 hypothesis however awaits the biochemical characterization of H. virescens sulfatases. 418
Nitrile-specifier proteins (NSPs) are known to confer GS resistance to Pierids by diverting 419 breakdown products towards less toxic nitriles (Wittstock et al., 2004) . Accordingly, a contig encoding 420 one member of the small NSP gene family (consisting of genes named NSP and MA) was induced in 421 P. brassicae when larvae fed on Col-0 (Fig. 3 ). In addition, we observed that a non-regulated NSP 422 contig from P. brassicae had a similar high expression level than the regulated MA ( Table 4) Interestingly, a GSTD1 homologue was upregulated in P. brassicae but downregulated in H. 440 virescens when larvae were fed on Col-0 plants (Fig. 3) . GSTD1 can efficiently metabolize ITCs in 441
Scaptomyza flava and Scaptomyza nigrita, two fly species that feed on Brassicaceae. Importantly, this 442 gene was duplicated in S. nigrita and is induced when feeding on GS-containing Arabidopsis (Gloss et are used by generalist herbivores. To the contrary, we found that there is an equal proportion of 456 CYP450s, GSTs, and UGTs expressed in H. virescens and P. brassicae transcriptomes, and more than 457 50% of CCEs and ABCs (Fig. S4 ). Although these genes are not induced in response to GS in P. 458
brassicae, an open question is whether they are functionally active and whether they can still play a 459 role when larvae are exposed to alternative host plants. There might be conditions in nature where P. 460 brassicae is obliged to feed on other host species, in which case having an existing, flexible 461 detoxification machinery would be crucial. Thus, toxic secondary metabolites other than GS in 462
Brassicales host plants could provoke a much more global response, including differential regulation 463 of detoxification-related genes. More studies on expression of these genes and on P. brassicae feeding 464 behavior are needed to test this hypothesis. However, from an evolutionary perspective, the finding 465 that homologues of detoxification genes are conserved in P. brassicae genome and expressed strongly 466 suggests that they have kept their enzymatic function. 467 encoding lipases and glucosidases were upregulated in H. virescens feeding on GS (Table S1 ). There 474 was also a significant enrichment of proteases in upregulated contigs (Fig. S3) . These 56 contigs 475 include a majority of carboxypeptidases, chymotrypsins, and serine proteases (Table S1) . (Table S1 ). Although there was not a significant enrichment of TE genes in upregulated 481 contigs compared to the total number of TE-related genes in the transcriptome (Fig. S3) , this number 482 was considerably larger than the only TE contig upregulated in P. brassicae (Table S1) . 
Detection of plant allelochemicals 493 494
One intriguing yet unsolved question is how insects detect plant allelochemicals and xenobiotics 495 and how they activate the expression of hundreds of genes. Given the apparent conserved and generic 496 transcriptional response towards molecules of great chemical diversity, a high-affinity ligand-binding 497 process seems unlikely. Genomes of polyphagous insects would need to harbor a large number of 498 specific receptors to accommodate the wide variety of plant toxins they encounter. In addition, the 499 observation that chemically synthesized insecticides induce similar detoxification genes as natural 500 products suggests that a rather non-specific mechanism is responsible for the detection of these 501 
Conclusion 511 512
Our analysis reveals the profound effect of GS exposure on performance and transcriptional 513 signature of a non-adapted herbivore. It also provides evidence that acquisition of a specific 514 detoxification mechanism in a specialist avoids metabolic costs associated with activation of a general 515 stress response. However, an exciting finding is the downregulation of GS detoxification genes when 516 GS are absent from the diet. Genome-wide changes in H. virescens larval gene expression reflect the 517 physiological remodeling induced by GS but also illustrate the potential to overcome detrimental 518 effects of these molecules. Future investigations should aim at understanding how herbivores detect 519 plant allelochemicals and may help to develop strategies to target general detoxification processes in 520 a Fold change ≥ 2, log 2 RKPM ≥ 1, P < 0.05 Table 1   Table 2 Heliothis virescens CYP450 genes upregulated by Arabidopsis glucosinolates. Each contig sequence was translated and blasted against NCBI non-redundant protein database. Insect homologous proteins with high BLAST scores were retrieved. Homologous proteins with known biological information are listed, otherwise homologous proteins with the highest similarity are included. Contig DNA sequences can be found in Table S1 . Differentially expressed contigs were compared to the complete dataset using Fisher's exact test (FDR-adjusted P-value <0.01). (A) GO terms over-represented in H. virescens larvae exposed to Col-0 (B) GO term over-represented in the P. brassicae larval samples exposed to quadGS plants. 
Contig

